Introduction
Root-knot nematodes (RKN) are a serious threat to coffee production worldwide and Meloidogyne paranaensis Carneiro et al. (1996) stands out among coffee parasitic species due to its aggressiveness and the losses caused to coffee plantation in Brazil, Guatemala, Hawaii and Mexico (Carneiro et al., 2004; Lopez-Lima et al., 2014; Villain et al., 2013) .
Except for IPR 100 (Sera et al., 2017) and IPR 106 (Ito el al., 2008) , most Coffea arabica L. cultivars are highly susceptible to M. paranaensis. Genetic resistance is the most effective method to cultivate coffee in infested soils (Bertrand and Anthony, 2008) . Sources of resistance were identified in C. canephora Pierre ex A. Froehner (Bertrand et al., 2000; Sera et al., 2006) , in wild Ethiopian C. arabica accessions (Anzueto et al., 2001; Boisseau et al., 2009; Fatobene et al., 2017) , and in C. arabica germplasms derived from introgression of C. canephora genes, such as Timor Hybrid Salgado et al., 2014) and in Icatu (Campos and Villain, 2005) .
Icatu germplasm results from interspecific hybridization between C. canephora and C. arabica cultivar Bourbon Vermelho. Some plants of this germplasm were resistant to M. paranaensis in our field experiments. Icatu 925 is one of the most promising materials from the plant H4782-7-925. Despite the good performance of plants when compared with C. arabica cultivars, the interspecific origin of Icatu results in resistance segregation in progenies due higher cross-pollination rates in some individuals (Carvalho et al., 1983) .
Genetic improvement of coffee through traditional methods is hampered because C. arabica is an alloteraploid and perennial species. Thus, clonal propagation of heterozygous genotypes of C. arabica represents an alternative for large-scale multiplication of plants that segregate for the characteristic of interest. Somatic embryogenesis is a valuable alternative to propagate high yielding F 1 hybrids (Bertrand et al., 2011) and plants resistant to leaf miner Leucoptera coffeella Guérin-Méneville and leaf rust Hemileia vastatrix Berkeley and Broome (Andreazi et al., 2015; Maciel, 2016; Mendonça et al., 2016) .
In this work, we compare M. paranaensis reproduction in clones and sexual progenies of IAC 3, a coffee plant of Icatu IAC 925, as subsidy for the development of a clonal cultivar. We also investigated the effect of initial population levels of M. paranaensis on vegetative growth of IAC 3 and on susceptible control Mundo Novo 515-20.
Materials and Methods

Resistance assessment in greenhouse conditions
The plant IAC 3, of Icatu IAC 925, was selected as mother plant to produce clonal seedlings because it is resistant to M. paranaensis, highly productive and vigorous in infested fields. Clonal seedlings of IAC 3 were obtained via somatic embryogenesis and sexual progenies were obtained by seeds (open pollination). Two susceptible controls were used: C. arabica cultivar Mundo Novo IAC 515-20, obtained from seeds, and Clone IAC 1, an F 1 hybrid between the cultivars Icatu Vermelho IAC 4045 and Obatã IAC 1669-20, also propagated by somatic embryogenesis. Clone IAC 1, resistant to the coffee leaf rust and susceptible to M. paranaensis was included to assess the possible effects of somatic embryogenesis in root development, affecting the measurement of nematodes reproduction. Seedlings obtained by cloning and seeds with two pairs of leaves were transplanted to plastic pots of 500 mL containing a sterile mixture of sand and soil (1:1) fertilized with simple superphosphate and with a controlled release complex fertilizer Inoculums were obtained according to Hussey and Baker (1973) . Seedlings of four to six pair of leaves were inoculated with approximately 5,000 eggs and J2 per plant Experiment was arranged in a completely randomized design with 20 replicates and single-plant plots.
Genetics and Plant Breeding
Damage to the root systems was evaluated 135 days after inoculation through the damage index (DI) and reproduction factor (RF). DI is scored according to a modified scale of Hussey and Jansen (2002) and Bertrand et al. (2000) where 0 = totally intact root systems; 1 = presence of rare and small swellings in secondary roots; 2 = small swellings of less than 25 % of the root system; 3 = swellings and early necrosis of 25-50 % of the root system; 4 = loss of secondary roots due to necrosis observed in 51-75 % of the root system; and 5 = severe loss of secondary roots greater than 75 % with destruction of the root system. Plants were considered resistant when DI ≤ 2, and susceptible when DI > 2.
Population was estimated by counting nematodes in Peters's slides under a light microscope, quantifying the eggs and juveniles of M. paranaensis. The final population (FP) corresponds to the number of nematodes extracted from the entire roots of each plant. The reproduction factor (RF) was determined according to Oostenbrink (1966) .
Number of eggs and J2 per gram of root (NEM) were calculated from the ratio between the size of the final nematode population and fresh root mass to quantify proportionally the number of nematodes per treatment. NEM data were log transformed (log10 (x+1)), subjected to the analysis of variance (ANOVA) and the means were compared by the Scott-Knott test (p < 0.05).
Effect of initial population levels of M. paranaensis on coffee plant development
Seedlings of IAC 3, obtained by somatic embryogenesis, and susceptible control Mundo Novo IAC 515-20, obtained from seeds, were cultivated in a greenhouse in plastic pots of 1.7 L containing a sterile mixture of sand and soil (1:1), fertilized in the same way as the first experiment. Plants with five pairs of leaves were inoculated by the deposition of M. paranaensis suspension (eggs and juveniles) in holes made in the substrate around the plants. The inoculum concentration varied to obtain the initial population levels (Pi) according to the six pre-established treatments (0, 0.7, 1.5, 2.9, 5.9 and 11.8 nematodes per cm 3 of soil). The experiment was performed in a completely randomized design with nine replicates and single-plant plots.
After 345 days, the aerial parts of the plants were removed, stored in paper bags and dried in oven (60 ºC) to obtain the top dry weight (TDW). The root system of each plant was washed, the root fresh weight (RFW) was obtained and the nematodes were extracted according to the Hussey and Baker (1973) . The final population (FP) and reproduction factor (RF) was estimated according the same procedures described for the first experiment.
The RFW data were analyzed according to the nonlinear model proposed by Seinhorst (1965) ; in which, Y is the ratio of the estimated variable for plant growth in an initial population density of the nematode (PI) divided by the value obtained in the control plant; m is the minimum yield of the plant obtained under high population densities of the nematode; Z is a constant less than 1 (Z < 1); Pi is the initial population density of the nematode and T is the tolerance limit. For the Seinhorst analysis, we used the SeinFit software, DOS version, developed by Viaene et al. (1997) . Additionally, the experimental data were submitted to the principal component analysis (PCA) using Statistica 11 software. In the PCA, the reduction of top dry weight (RTDW) was obtained from the relation between the value of each treatment by the experimental control, according the equation: RTDW = 100-(TDWt/ TDWc)*100, where TDWt is the top dry weight of a treatment and TDWc is the top dry weight of the control.
Results
Resistance assessment in greenhouse conditions
Progeny IAC 3 was considered susceptible to M. paranaensis according RF, on average, with a resistance segregation rate of 50 % (Table 1) , but its NEM was six fold lower and statistically different from the susceptible control Mundo Novo IAC 515-20. Conversely, clone IAC 3 revealed a reduced mean of RF and NEM and, as expected, all replicates were resistant to M. paranaensis (%R=100). Susceptible control Mundo Novo IAC 515-20, obtained by seeds, and Clone IAC 1, propagated by somatic embryogenesis, showed high RF means and 100 % of susceptible plants (Table 1) .
Effect of initial population levels of M. paranaensis on coffee plant development
The reproduction factor for each inoculum density tested in both coffee seedlings are presented in Table  2 . With the increase of nematode density, there was a reduction in RF. For example, in Mundo Novo, the RF value at the lowest density was 44.1, while at the highest nematode density, this value was 1.2; thus, regardless of . The value found for the tolerance limit (T) was 3.9 nematodes per cm 3 of soil; therefore, plants began to suffer damage caused by M. paranaensis at this population density. There was also a reduction of 75 % of RFW (m = 0.250), demonstrating the severity of damages caused by M. paranaensis in C. arabica cv Mundo Novo.
Conversely, for plants from clonal seedlings IAC 3, the equation was as follows: Y = 0.900 + (0.10).1 , where T was 7.7 nematodes per cm 3 of soil, and the m value was 0.900, indicating that IAC 3 RFW was only reduced by an average of 10 % in response to nematode infection, clearly demonstrating that IAC 3 plants were more tolerant to nematode attack than Mundo Novo.
According to PCA (Figure 2 ), 90 % of the total variability is explained by the axes 'varietal resistance' (60 %) and 'vegetative development' (30 %) of plants. Vari- 
Discussion
Coffea arabica is an autogamous and tetraploid species with self-fertilization rate of about 90 % (Carvalho and Krug, 1949) and its cultivars are commercially propagated by seeds. Breeding programs aim to select uniform cultivars for all agronomic traits; however, it is a lengthy procedure that involves several selection cycles. This process is more complex when it involves the resistance genes introgression of diploid and allogamous species, such as C. canephora. Therefore, genetic resistance of IAC 3 to M. paranaensis found in segregating progenies could be immediately explored using clonal coffee trees. Multiplication of resistant plants via somatic embryogenesis is a promising tool for largescale production, shortening the time to obtain a resistant cultivar, besides eliminating the fixation step of resistance genes. In field conditions, coffee clones from seeds have similar performance of traditional seedlings and do not have limitations for commercial use (Etienne and Bertrand, 2001) .
Despite the higher production cost, aggregated value of clonal seedlings resistant to RKN may compensate farmer's investment in infested areas. To address this question, several works have been conducted to increase efficiency of somatic embryogenesis protocols and to reduce production costs of clonal seedlings (Etienne et al., 2012; Etienne et al., 2013; Maciel et al., 2016) .
Considering the analysis of the effect of initial population levels of M. paranaensis on IAC 3 and Mundo Novo development, several greenhouse experiments have shown the relationships between coffee and Meloidogyne spp based on the Seinhorst model. Vovlas and Di Vito (1991) reported that the tolerance limit was two eggs per cm 3 of soil of M. javanica and M. incognita, on C. arabica cultivar São Tomé. Also, Zhang and Schmitt (1995) demonstrated that the shoot and root growth of C. arabica cultivars SL28, Guatemalan, Mundo Novo, Bourbon Vermelho and Guadalupe were suppressed by M. konaensis. The authors calculated the threshold to be a little less than 10 eggs per plant. Di Vito et al. (2000) observed the reduction in the seedling of São Tomé caused by M. exigua. The tolerance limit for the variable shoot weight was 1.2 eggs and J2 per cm 3 of soil. However, there is paucity of information regarding the relationship of M. paranaensis population densities to coffee growth.
For Souza and Bressan-Smith (2007) , threshold levels can only demonstrate the potential of damage caused to seedlings under greenhouse conditions and cannot be used to predict any damage to coffee production in the field. However, our results showed that clonal seedlings (IAC 3) were actually more tolerant to M. paranaensis attack than Mundo Novo plants. IAC 3 demonstrated a tolerance limit of 7.7 nematodes per cm 3 of soil (equivalent to a Pi of 13090 nematodes per plant), while in Mundo Novo IAC515-20 the tolerance limit was 3.9 nematodes per cm 3 of soil (equivalent to a Pi of 6588 nematodes per plant). Thus, IAC 3 clone showed higher level of tolerance as it resisted nematode attack better than Mundo Novo plants.
If threshold levels ( Figure 1 ) are considered only for studies conducted in greenhouse conditions, the PCA results reveal that the clonal seedlings are always resistant to M. paranaensis regardless of the initial nematode population in the soil (Figure 2 ). This resistance reaction of young plants of Clone IAC 3 to high nematode population levels is of outstanding practical importance, since coffee growers rarely adopt practices to reduce nematode population levels in infested soils before planting.
